Terrestrial light detection and ranging technology provides an accurate measurement of individual tree parameters that are essential for managing forest resources, modeling forest fires, planning forest operations, etc. This study aimed to measure individual tree parameters to model a single tree using terrestrial laser scanner (TLS) data. A high-resolution digital terrain model (DTM) was generated using point cloud data (2,800,430 points) to obtain the tree parameters. Next, the diameter of breast heights (DBH), tree heights, tree lengths, tree projection areas, and crown parameters were calculated using 3D Forest 0.42 software. In order to evaluate the capabilities of TLS data, estimated tree parameters were compared with the parameters obtained by field measurements. Regression analysis and paired sample t-test were performed to compare the DBH and tree height values estimated by TLS with those obtained from field measurements. We found a strong relationship between the field measurements and TLS estimates for DBHs (R 2 = 0.99) with 1.65 cm root mean square error (RMSE) and tree heights (R 2 = 0.98) with RMSE = 0.724 m. The paired Wilcoxon signed-rank test for DBH groups showed no significant difference (P = 0.7285 > 0.05), whereas according to the results of the paired sample t-test for the height groups, there were significant differences between tree heights (P = 0.015 < 0.05; t = -2.55). The results also indicate that TLS is an effective measurement tool to provide highly accurate and precise results for 3D modelling of tree structure parameters without cutting trees. TLS also has great potential to provide many individual tree attributes with high accuracy, which can be used for further evaluations in many forestry disciplines such as silviculture, nature conservation, forest management, and urban forestry.
Introduction
Forest structural diversity is considered to be one of the most important components of biological diversity because it affects the ecological factor beneath the canopy and creates suitable niches for fauna. Therefore, more complex structures indicate greater biodiversity (Szmyt, 2014) . Forest structure is also accepted as one of the main naturalness traits, which may include tree density, vertical heterogeneity, canopy cover, and forest layering (Winter, 2012) . Hence, quantitative tree and stand structural parameters must be accurately measured for ecosystem service assessment and state of stand development (Moskal and Zheng, 2012) . Traditionally, some structural attributes have been measured in the context of forest inventories using field measurements. With the development of technology, the combination of forest inventory methods and new remote sensing technologies have become powerful integrated tools (Brack, 1997) . The airborne laser scanning (ALS) technology, which offers high resolution data to derive structural forest parameters, has become notably popular (Means et al., 2000; Drake et al., 2002; Naesset and Økland, 2002; Morsdorf et al., 2004) . However, the measurement of ground-truth data still remains in demand in addition to measurements for forest inventory. In the last decade, terrestrial laser scanner (TLS) based data have also become an alternative tool in forest management studies (Bienert et al., 2006) . TLS systems can produce 3D point clouds that allow quantitative analysis of tree parameters (Raumonen et al., 2013) . TLS has been used in many forestry studies, such as biomass estimation (Milan et al., 2007) , tree height estimation (Király and Brolly, 2007) , calculation of leaf area density (Hosoi and Omasa, 2006; Huang and Pretzsch, 2010) , and forest inventory (Maas et al., 2008) .
Stand structural attributes, such as tree height, diameter at breast height (DBH), and canopy closure are important data for modelling and assessing stand structure. Tree height, stem length, DBH, and crown projection area are relevant variables in the definitions of forest and other woodlands (Gschwantner et al., 2009) . This data can also be used to understand forest ecosystem conditions. The review of relevant literature indicated that there has been an increasing interest in using the TLS method for measurements of tree dimensions such as tree height, DBH, crown width, and crown height (Jung et al., 2011; Moorthy et al., 2011; Moskal and Zheng, 2012; Kankare et al., 2013; Yurtseven et al., 2017) . However, the accuracy and sensitivity of the results driven from TLS may vary depending on the tree species, forest structure, scanning frequency and location, and calculation method.
This study aimed to perform quantitative tree measurements in a dense plantation area, which consists of deciduous and coniferous trees, using terrestrial laser scanning technology. Then, determination reliability of the results for different tree species was tested with traditional measurements in forestry.
Materials and methods

Study area
The research area is located on the Istanbul University Faculty of Forestry Campus near the Sariyer district of Istanbul in Turkey (28°59ʹ26ʺ E and 41°10ʹ36ʺ N) ( Figure  1 ). This heterogeneous stand covers 9500 m 2 of land composed of indigenous and exogenous trees and shrubs. While deciduous trees and shrubs cover 80% of the area, coniferous ones cover only 20%. The most common deciduous trees are oaks (Quercus castaneifolia C.A.Mey., Quercus palustris Muenchh., Quercus rubra L., Quercus ilex L., Quercus frainetto Ten.), lime (Tilia plathyphyllos Scop. and Tilia tomentosa Moench.), and hackberry (Celtis australis L.). Coniferous trees are dominated by firs (Abies nordmanniana (Stev.) Spach and Abies bornmülleriana Mattf.) and cedars (Cedrus atlantica (Endl.) Carrière and Cedrus libani A. Rich.). The elevation of the area is 125 m with a 5% ground slope.
Point cloud data acquisition
Point cloud data acquisition was performed with Z+F IMAGER 5010C TLS system in super high mode in August 2016. The extended field of view was 320° vertically and 360° horizontally, and covered a maximum scanning area. The maximal accuracy was 0.4 mm at a distance of 25 m, and the data acquisition rate was 1.016 million pixels/s. More detailed technical specifications are presented in Table 1 .
In the context of this study, TLS data were collected from 8 scan stations. All raw scans were registered using the Z+F Laser Control V8.6.0 software. Registrations were completed using reference targets ( Figure 2 ). After the registration process, noise data were removed from the point cloud data using range, intensity, and thin filter algorithm. This entire process and the analysis were conducted on a workstation computer with 2.6 GHz processor, 64 GB RAM, Windows 8 Enterprise, and 64 bit operating system. 2.3. Postprocessing and segmentation of point cloud data 3D Forest 0.42 software was used in the study. In the first step the software separates the entire point cloud data to vegetation and terrain point clouds. Then, vegetation clouds are segmented to individual tree point clouds. As a result of this process, the tree position, tree height, tree length, DBH, stem curve, tree planar projection, and crown parameters such as crown centroid, crown (Trochta et al., 2017) . In this study, TLS based point cloud data was analyzed and individual tree parameters (DBH, tree heights, tree lengths, tree projection areas, and crown parameters) were obtained using this software. The diagram of the workflow steps is shown in Figure 3 . The extraction of the digital terrain model (DTM) and vegetation data in forested areas is a complex process. Filtering or segmenting of terrain points from the registered point cloud data is a prerequisite to obtain vegetation points. Different methods have been studied in the literature (Bienert et al., 2006; Brolly and Király, 2009) . In this study, DTM was created with the voxelization approach, where voxels with user defined resolution were created, and a center of gravity (centroid) was calculated for each voxel. These points formed a point cloud, and the centroids of the lowest voxels on the Z axis were selected and saved as the terrain point cloud. One of the most important variables is the resolution of the voxels, which is defined by the user. We determined the voxel resolution to be 5 cm based on the density of the point cloud data.
For determination of optimum voxel resolution for the study area, different resolutions were examined from the raw TLS data. As seen in Figure 4d , 5 cm voxel resolution presented better representations of the bare earth surface than the other resolutions, which have more noise data (Figures 4c and 4e ).
In the segmentation process, an automated segmentation algorithm was used to extract individual trees (Trochta et al., 2017) . To evaluate the optimum model solution, the minimal number of points in a cluster (N) and the maximal distance between two clusters (S) should be determined. Optimal N and S variables may vary according to data quality and density (resolution). Also, data quality and density may vary depending on forest structure and noise sources such as understory vegetation density, mosses, etc. For those reasons optimal N and S variables can be varied considering the abovementioned factors. In this study, N was selected as 10 points and S was selected as 4 cm.
After the segmentation was completed, tree positions were calculated and adjusted from the Z coordinates of each segmented tree cloud.
DBH, which is one of the most important parameters of forest inventory, was calculated. There are many different methods for calculating DBH from the point cloud data, such as Randomized Hough Transformation (RHT) (Xu and Oja, 1993; Olofsson et al., 2014) , Least Square Regression (LSR) (Chernov and Lesort, 2005) , circle fitting (Aschoff and Spiecker, 2004) , cylinder fitting (Wezyk et al., 2007) , etc. In this study, the RHT and LSR methods were used to calculate DBH.
Tree length and tree height-related tools were used for the measurements. The tree height tool uses the difference between the higher Z coordinates and the lowest (base point) Z coordinates of segmented trees. The tool to determine the tree length calculates the Euclidean distance between the highest points and the lowest points. In addition, the tree heights were also measured with Haglöf Vertex IV (HV) hypsometer. The Haglöf Vertex IV (HV) instrument uses ultrasonic signals to measure horizontal distances. In order to measure tree heights it uses angles (in house gyroscope) and a laser. Its results were compared with TLS results.
To calculate the convex and concave tree projections, tree planar projection tools were used. The convex hull can be defined as the shape that minimizes the area that contains all points with no angle exceeding 180 degrees between two neighboring edges ( Figure 5a ). The concave hull can be defined as the shape that minimizes the area of the containing shape but permits any angle between the edges (Figure 5b ) (Rosen et al., 2014) . Each point cloud data were processed to calculate 3D volume and 3D crown surface area of the trees using 3D Forest 0.42 software.
Statistical evaluation
All statistical analyses were performed using the R statistical package. The Shapiro-Wilk test was performed to test if the data are normally distributed. Regression analysis was performed to compare DBH and tree height values estimated by the TLS method with those obtained from field measurements. For assessing whether the measured (HV-based field measurements) and estimated (TLS-based) DBH and tree height variables were statistically significant, the paired sample T-test was used for normally distributed groups and the paired Wilcoxon signed rank test was used for groups not normally distributed.
Results
3.1.Extraction of terrain and tree data
In the study, 12,522,796 points were obtained with TLS in raw point cloud data. The average point-to-point distance was 0.0008 m (0.8 mm) in the registered point cloud data. After the registration stage, the required filtering algorithms were applied. The point cloud data were reduced to 2,800,430 points to ensure faster and smoother data processing. As mentioned in the previous section, the most important variable in the process of obtaining the DTM is voxel resolution. At this stage, the voxel resolution was discussed and defined to be 5 cm based on previous studies (Bienert et al., 2006; Hess et al., 2018) and field observations. According to the elevation analysis of raw point cloud data, the maximum tree height was calculated as 22.80 m ( Figure 6 ).
According to the octree based terrain model results, 612,931 points were used to create the DTM. After the extraction of the DTM, the existing raw point cloud data (Figure 7a ) were automatically divided into two classes ( Figure 7b ): DTM (Figure 7c ) and vegetation. The unclassified vegetation point cloud data (Figure 7d ) were calculated as 2,174,478 points.
The unclassified vegetation point cloud data were used for individual tree segmentation. According to the segmentation results, 37 trees consisting of 1615-211,774 points were obtained (Figure 8 , Table 2 ).
DBH calculation on segmented individual trees
The minimal and maximal DBH values were obtained as 13.8 cm (tree ID_18) and 106 cm (tree ID_30) with the RHT method. On the other hand, these values increased to 14.102 cm (tree ID_18) and 122.730 cm (tree ID_35) using the LSR method (Table 3) , respectively. Thus, LSR yields higher values than RHT (Figure 9 ).
Calculation of tree heights and lengths
The level of each tree from the ground was measured to determine the tree height and length. Tree height can be interpreted as the vertical distance between the highest point on the tree and the ground surface. Tree length is the distance along the stem axis between the ground point and the stem tip (Gschwantner et al., 2009) . As shown in Figure 10 , leaning trees had lower height values but larger length values. However, the two values were similar when the trees were not bending ( Figure 10 , Table 4 ). According to the results, the minimum and maximum calculated tree heights were 5.430 m (tree ID_4) and 22.830 m (tree ID_33), respectively. The minimum and maximum tree lengths were 5.480 m (tree ID_4) and 22.850 (tree ID_33), respectively.
Canopy cover projections
Canopy projections were calculated using both convex and concave projections ( Figures 11-12 , Table 5 ). Using the convex planar projection method, minimum and maximum projection areas calculated were 7.413 m 2 (tree ID_4) and 261.804 m 2 (tree ID_30), respectively. Using the concave planar projection method, the minimum and maximum tree projection areas were 7.106 m 2 (tree ID_4) and 232.496 m 2 (tree ID_30), respectively. The concave planar projection method yielded a smaller canopy cover area (lower than approximately 9%) than the convex method and reflected small scale openings in canopy layers.
Additional crown parameters, such as crown height, crown width, 3D surface volume, and 3D surface area of the tree crown that can be used to identify stand structural diversity and silvicultural evaluations, were also calculated ( Table 6 ). The minimum and maximum crown heights were calculated as 4.540 m (tree ID_29) and 21.130 m (tree ID_33), respectively. The minimum and maximum crown widths were 3.320 m (tree ID_26) 
Comparison of tree height and tree DBH
Regression analysis was performed to compare the DBH with tree height values estimated by TLS and those obtained from field measurements. Accordingly, the measurements of TLS based tree heights (P = 0.2139) and field measurement based tree heights (P = 0.1288) were normally distributed; the value of Shapiro-Wilk (P values) was higher than 0.05. According to Shapiro-Wilk results, TLS based DBH (P = 0.01499) and field measurement DBH (P = 0.006891) were not normally distributed (P < 0.05). According to the regression analysis results, R 2 was 0.98 between TLS-estimated tree heights and tree height values obtained from field measurements with 0.724 m root mean square error (RMSE) (Figure 13 ). Furthermore, R 2 was 0.99 between TLS-estimated DBH values and DBH values obtained from field measurements with RMSE = 1.65 cm (Figure 14 ). In addition, as seen in Figure  15 , according to fitted versus residuals plots, there is no patterning for both DBH and height in the errors.
According to the results of the paired sample T-test for the normally distributed height groups, there is a significant difference (P < 0.05) between measured heights (HV based field measurements) and estimated heights (TLS based) at 95% confidence level (P = 0.015; t = -2.55). According to the results of the paired Wilcoxon signedrank test for the not normally distributed DBH groups, there is no significant difference (P > 0.05) between measured DBH (field measurements) and estimated DBH (TLS based) at 95% confidence level (P = 0.7285; V = 328).
Discussion and conclusion
The forest structural characteristics were evaluated mainly based on conventional data collection, with forest inventory in the field performed by using simple tools such as calipers and clinometers. However, it is not feasible to measure most of the important tree attributes using conventional methods (Liang et al., 2016) . In this context, emerging technologies such as TLS provide a wide range of parameters related to individual trees or forest stand characteristics that will contribute to the detailed analysis of forest resources. In the context of the study, conventional and other single-tree-based measurements were performed in a heterogeneous stand. When common single-tree measurements such as DBH and tree height were compared with simple measurement equipment, a high correlation was found. Similar results were obtained in similar studies conducted by many other authors (Moskal and Zheng, 2012; Kankare et al., 2013; Srinivasan et al., 2015; Pazhouhan et al., 2017) .
In this study, R 2 was 0.99 between the TLS-estimated DBH values and the DBH values obtained from field measurements. Pazhouhan et al. (2017) reported R 2 of 0.98 for Carpinus betulus tree species and 0.98 for Diyospyrus lotus tree species, considering the DBH values from areal observations and those measured by TLS. Kankare et al. (2013) stated that R 2 was 0.95 between the DBH values obtained from areal measurements and the TLS-predicted DBH. Another study by Moskal and Zheng (2012) determined that R 2 was 0.91 between DBH dimensions estimated based on TLS and those obtained from field measurements. Srinivasan et al. (2015) also reported an R 2 of 0.91-0.97 between the DBH values obtained based on field measurements and DBH values estimated with TLS. This study had a larger R 2 than that of previous studies, possibly because of the variety, structure, and density of the tree in the area, frequency and location of the scans, and calculation methods.
As reported in previous studies (Holopainen et al., 2011; Moorthy et al., 2011; Srinivasan et al., 2015) , some crown dimensions (crown height, crown width, crown volume, crown surface area, and crown volume) have been measured using the terrestrial laser scanner and canopy projections (convex and concave planar projection areas). The determination of crown parameters that are difficult to measure with field based methods is important in terms of forest inventory, biomass estimation, and silviculture. When the results are evaluated in this respect, TLS systems can be effectively used in such studies. However, the high density of trees makes the neighboring trees overlap with the crown, which causes underestimation of crown volume, crown area, and crown diameter in such forest areas (Jung et al., 2011) . This situation must be considered when determining tree crown dimensions using TLS. As stated in the previous studies, noise filtering is one of the most important steps to obtain accurate and sensitive results in the processing of terrestrial laser scanning data (Akgül et al., 2016; Akgül et al., 2017; Yurtseven et al., 2017) . Thus, this stage should be considered in possible future studies using the TLS method. Another important stage is selecting the optimal method to determine and segment the point cloud.
TLS can provide many individual tree attributes with high accuracy, which can contribute to further evaluations in many forestry disciplines such as silviculture, nature conservation, forest management, and urban forestry. The results also indicate that TLS is an effective measurement tool for providing high accuracy and objective results for 3D modelling of tree structure parameters without cutting trees.
